Introduction
In recent years, there has been increasing interest in the applications of multicomponent reactions (MCRs) in modern synthetic organic chemistry. Many research studies into the synthesis of the most abundant biologically active compounds for organic, medicinal and combinatorial chemistry, and in drug discovery have been enabled by one-pot multicomponent reactions. These reactions have a highly important position in comparison with other reactions.
1,2
MCRs based on the synthesis of heterocyclic compounds containing a 2-pyrrolidinone skeleton have gained much importance in organic synthesis. These are famous compounds because of their vast number involved in biological activities, their huge potential for applications in drug development and their existence in natural products and the agricultural sector. 2-Pyrrolidinones are a class of 5-membered lactams with a four-carbon heterocyclic ring structure with biological interest. 3 The simplest 2-pyrrolidinone is named 2-pyrrolidone; it is a common component of larger natural products and is sometimes referred to as simply pyrrolone (Fig. 1 ).
2-Pyrrolidinones are important compounds that are found in many pharmaceuticals (Fig. 2 ) and in active natural products (Fig. 3) . One common biochemically important 2-pyrrolidinone is cotinine (1), an alkaloid found in tobacco that is the predominant metabolite of nicotine. 4 Doxapram (2) to form doxapram hydrochloride is a respiratory stimulant; administered intravenously, doxapram stimulates an increase in tidal volume and respiratory rate. 5 Ethosuximide (3) is a succinimide anticonvulsant, used mainly in the absence of seizures. 6 Several notable examples of natural products have the 2-pyrrolidinone moiety. 2-Pyrrolidinone-containing natural products display extremely interesting biological activities. H NMR, 13 C NMR spectra of the products, the X-ray structure analysis and 1 Substituted 3-pyrrolin-2-ones with a 2-pyrrolidinone moiety are also of use in medicinal chemistry as many derivatives have shown significant pharmacological and biological activities, as, e.g., anti-cancer agents, 10 antitumours, 11 HIV-1 integrase inhibitors, 12 anti-microbial, 13 antibacterial 14 and anti-inflammatory. 15 In view of the importance of substituted pyrrolidinones, various synthetic methods have been reported. [16] [17] [18] [19] [20] [21] [22] [23] [24] Ultrasound-assisted organic synthesis is used as a modern and eco-friendly technique to accelerate organic synthesis. The chemical effects of ultrasound were first reported by Richards and Loomis in 1917. 25 The use of ultrasound to accelerate reactions has proven to be a useful tool for meeting the green chemistry goals of minimization of the production of waste and the reduction of energy requirements. Ultrasound may also support cleaner reactions by improving yields and selectivities, particularly those involving free radical intermediates. Sonochemistry is widely used for improving reactions that use expensive reagents, high temperatures and prolonged reaction conditions. 26 An acoustic cavitation phenomenon happens in an irradiated liquid during ultrasound-assisted reactions, which involves the formation, growth and collapse of bubbles in the liquid. This effect enforces high local temperatures and pressures to increase the rate of reactions.
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Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid) is a weak organic acid of huge industrial importance. It is a natural preservative present in citrus fruits. This acid is a nearly universal intermediate product of metabolism and its traces are found in virtually all plants and animals. It is known to be harmless to the environment and commercially available with stability toward humidity. 28 Despite its great importance, only a few papers have reported on its catalytic application in organic synthesis. [29] [30] [31] [32] [33] [34] [35] [36] Green chemistry is an efficient technology that minimizes or preferably eliminates the formation of waste, avoids the use of toxic solvents and reagents and utilizes renewable raw materials as far as possible. 37 The introduction of combinatorial chemistry, which has become almost universally linked with lead compound development, appears in many applications to be contrary to the principles of green chemistry as, once again, the focus is on the desired product with little concern for the overall efficiency of the process with regards to transforming reactants into products with the least possible production of waste. Considering the importance of clean chemistry, in this study we have developed a new methodology for the synthesis of substituted 3-pyrrolin-2-ones in the presence of citric acid as a green additive in a green solvent under ultrasound irradiation (Scheme 1). However, in past reports, the existence of some drawbacks, such as long reaction times, harsh conditions, a toxic organic solvent, high temperature, high cost and low product yield have been mentioned. Ultimately, expensive, difficult to reuse, and unecofriendly additives limit the use of the reported methods. Whereas, a cleaner reaction profile, easy work-up, excellent yields and short reaction times are some of remarkable features of the proposed method.
Results and discussion
Our research was focused on the verification of pyrrolidinones synthesis via a convenient and easy method. The effect of ultrasound irradiation in accelerating the reactions attracted Scheme 1 Synthesis of substituted 3-pyrrolin-2-ones under ultrasound irradiation. our attention. Ultrasound irradiation has been established as a significant technique in synthetic organic chemistry, where it has been applied as an efficient energy and heating source for organic reactions. 16, [25] [26] [27] Then, to find the optimum amount of the citric acid additive, the model reaction of aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol) and 4-chlorobenzaldehyde 3d (1 mmol) for the synthesis of compound 4d (Table 5 , entry 4) was carried out by varying the quantity of additive, as shown (Table 2 , entries 2-4). The maximum yield of the target product was obtained when 2 mmol of additive was used. The results are summarized in Table 2 .
In order to verify the effect of ultrasound irradiation, we performed the reaction of aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol), 4-chlorobenzaldehyde 3d (1 mmol) and citric acid monohydrate (2 mmol) as a green additive in 4 ml ethanol solvent under ultrasound irradiation of different powers. After sonication at 100 W, the solution temperature was ca. 40°C. The reaction temperature was monitored with a thermometer and the reaction was completed within 15 min (as indicated by TLC) in an 89% yield (Table 3, entry 2).
As shown in Table 3 , also a survey of the influence of ultrasonic power inputs from 50 to 150 W in the synthesis of compound 4d (Table 5 , entry 4) as a model reaction was evaluated. The product yield was seen to be affected by the ultrasonic power. The best product yield was obtained when the ultrasonic power was 100 W. The reaction yield increased with the ultrasonic power at 100 W in comparison to 50 W. The reaction time of 4d did not change from 100 to 150 W, but the product yield decreased slightly. Therefore, 100 W of ultrasound irradiation was sufficient to push the reaction forward.
To delineate the role of ultrasound and the effect of cavitation on the acceleration or the thermal effect, the synthesis of compound 4d (Table 5 , entry 4) was studied under different conditions, such as at room temperature for 10 h, with conventional heating at 40°C (15, 30, 60 min) and by refluxing for different times (15, 30, 90, 180 , 360 min) without ultrasonic waves irradiation. The conversions and isolated yields were calculated with respect to the starting substrate under a plot, in order to show a comparison of the various reaction times and yields of the reactions with or without sonication under different reaction conditions. The desired conditions for the reactions mixture are listed in Table 4 . The residue (crude product) was used for preparation of the corresponding 1 H NMR spectrum (see pages S54-S63 of ESI †). When the reaction was performed under ultrasound irradiation for 15 min, it gave 100% conversion and an 89% isolated yield (Table 4 , entry 1). In addition, the conversion and isolated yield were 97% and 86% at room temperature for 10 h, respectively (Table 4 , entry 2). As shown in Table 4 , the residue (crude product 4d) of the reaction mixture at 40°C (Table 4 , entries 3-5) gave relatively good conversions, which could be a result of the formation of multiple intermediates, but without the final product 4d. Moreover, our investigation was performed under reflux conditions in different times in ethanol solvent (Table 4 , entries 6-10). The reactions (Table 4 , entries 6-8) resulted in multiple intermediates (without the final product 4d), too. To prolong the reaction time, the conversion and isolated yields were increased, albeit these were lower in comparison to in ultrasonic-induced synthesis. Thus, it is clear from the presented data (Table 4 , entry 1) that ultrasound irradiation could accelerate the reaction and could afford a higher yield in comparison to room temperature, conventional heating and under reflux conditions. After finding a suitable and green solvent (C 2 H 5 OH) and power (100 W) to determine the important role of ultrasound, this method was examined with the reaction of aniline, diethyl acetylenedicarboxylate and several substituted aldehyde 3a-p in the presence of citric acid as an additive in ethanol solvent under ultrasound irradiation and without ultrasound irradiation at room temperature ( Table 5) .
As shown in Table 5 , when the reactions were carried out with the conventional method, these took a comparatively longer time and resulted in lower yields; whereas when the same reactions were performed under the influence of ultrasonic conditions, they gave higher yields in shorter reaction times. Generally, a similar effect was seen in all reactions, and it was thus apparent that ultrasound irradiation can accelerate the reaction significantly to reduce the reaction times but giving higher yields. We found that ultrasonic irradiation was very effective and useful in our work, because the products could be synthesized in a short time with excellent yields.
In the last few years, there has been no report on the synthesis of substituted 3-pyrrolin-2-ones by ultrasound irradiation as an efficient procedure using citric acid as a green organoadditive. Therefore, this fact prompted us to apply a new method under eco-friendly conditions for the synthesis of substituted 3-pyrrolin-2-ones with a facile and appropriate ultrasound-promoted one-pot three-component approach. Then, various aromatic aldehydes carrying electrondonating and electron-withdrawing groups on the aromatic ring in the ortho, meta and para positions were evaluated. Yields of all the reactions were good to excellent. It was found that the aldehydes with electron-donating groups reacted longer than the aldehydes with electron-withdrawing groups (Table 5) . Ultimately, the synthesis of substituted 3-pyrrolin-2-ones under the mentioned conditions were preferred due to the shorter reaction times and higher yields ( Table 5 ). The structures of the products 4 were supported by FTIR, 1 H-and 13 C-NMR spectroscopic data. The structure of the product 4g was also confirmed by single-crystal X-ray analysis.
In the following part of our research work, various substrates, such as aliphatic, unsaturated, aromatic and heteroaromatic aldehydes, were examined. The corresponding product 4 could not be generated when we used acetaldehyde, isobutyraldehyde, 3-phenylpropionaldehyde, trans-cinnamaldehyde, salicylaldehyde, 2-hydroxy-1-naphthaldehyde, 4-(dimethylamino)-benzaldehyde, furfural or glyoxal under the reaction conditions with or without sonication, and in all the cases, a mixture of several products and starting materials was observed (based on TLC investigation). Formaldehyde, pyrrole-2-carboxaldehyde and thiophene-2-carbaldehyde did not work well under the reaction conditions, and gave very low yields. Prolonging the reaction time did not lead to an increased yield for the corresponding product 4. In all the cases, a mixture of several products and starting materials was also observed (based on TLC investigation).
The suggested mechanism for the synthesis of substituted 3-pyrrolin-2-ones (4a-p) is illustrated in Scheme 2. The reaction proceeds very fast and cleanly under ultrasound irradiation and no side reactions were observed. On the basis of the chemistry of substituted 3-pyrrolin-2-ones under ultrasonic irradiation conditions, it is reasonable to assume that the first step in the reaction may proceed via the acid-catalyzed condensation of aniline and aromatic aldehyde in ethanol solvent in the presence of citric acid to produce imine. Then, diethyl acetylenedicarboxylate with water undergoes a nucleophilic addition to give 1,3-dipolar intermediate. In the following step, the addition of 1,3-dipolar intermediate to imine happens. Subsequently, the intramolecular attack of an amino group on one of the asters results in the formation of the nitrogen-containing five-membered ring. The elimination of ethanol and citric acid molecules gives the target product as indicated in Scheme 2.
The crystal structure of one of the products, namely compound 4g, was confirmed by single-crystal X-ray analysis. As shown in Fig. 4a , there are two different molecules of the compound in the asymmetric unit of the crystal; however, their conformations are almost identical (Fig. 4b) . Since the crystal is centrosymmetric, it contains a racemic compound 4g. The molecular structure of the (R)-enantiomer is shown in Fig. 4 .
The selected geometrical parameters are given in Table S1 (see page S67 in the ESI †). The overall conformation of 4g is almost identical to that observed in the isomorphous 2-Ph analogue. a Reaction conditions: aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol), aldehyde 3a-p (1 mmol) and citric acid monohydrate (2 mmol) as a green additive in ethanol solvent (4 ml) under ultrasound irradiation (100 W). b Reaction conditions: aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol), aldehyde 3a-p (1 mmol) and citric acid monohydrate (2 mmol) as a green additive in ethanol solvent (4 ml) at room temperature under stirring conditions. c Isolated yield. The C(O)OEt groups are planar and are almost coplanar with the planes of the pyrroline rings, and the molecules have a CvO ester , C-OH syn-periplanar arrangement (which is different to 2-(4-Cl-Ph)-3-C(O)OMe derivative). 23 As shown in Fig. 4a , the mutual orientation of the carbonyl O atoms from 3-C(O)OEt and 4-hydroxyl groups is accompanied by the intramolecular O-H⋯O hydrogen bonds (see Table 6 for the geometry). In the crystal lattice of 4g, two molecules of the same chirality are joined to each other by the bifurcated O-H⋯O hydrogen bonds, which gives rise to homochiral dimers, as shown in Fig. 5 , within which the [R 2 2 (4)] ring motif is formed (Table 6 ). Between the adjacent dimers, again of the same chirality, F⋯π contacts are observed (with the F⋯centroid distance amounting to 2.923(2) Å, the perpendicular distance to 2.827 Å, and the C36-F2⋯centroid angle is 137.3(2)°), resulting in infinite chains (Fig. 5) . The inter-chain contacts are provided by the extensive network of centrosymmetric C-H⋯π interactions (Table 6) . Generally, when ultrasound is passed through a liquid system, bubble cavitation causes a series of unique physical phenomena that can affect the materials in the solution system. High energetic shockwaves are produced by cavitation. During the collapse of a cavity, high local temperatures and pressures arise, which result in a pressure shockwave. We believe that the ultrasonic irradiation played an important role in this reaction and enabled the reaction to proceed smoothly under mild conditions in a short time.
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To summarize, this new procedure provides the first example of an efficient and ultrasound-promoted approach for the synthesis of target products with high yields and excellent purities. This method is the most simple and convenient and would be applicable for the synthesis of different substituted 3-pyrrolin-2-ones. The structures of all the synthesized compounds were established by IR, 1 H NMR and 13 C NMR. The molecular structure of product 4g was also established by single-crystal X-ray analysis.
Conclusions
In this work, the reported method offers a new, simple and efficient route for the one-pot sonochemical synthesis of substituted 3-pyrrolin-2-ones by citric acid as a green additive. Some important superiorities of this method are its short reaction time, use of green solvent, easy work-up, non-chromatographic purification technique, high yields and high purity. Furthermore, the application of a green, inexpensive, ecofriendly and commercially available additive makes it a useful procedure in modern synthetic methodologies. 
Experimental

General remarks
Starting materials were obtained from Merck (Germany), Fluka (Switzerland) and Sigma-Aldrich (USA) and were used without further purification. The methods used to follow the reactions were TLC. Sonication was performed in a Bandelin SONOPULS ultrasonic homogenizer (made in Germany) with 20 kHz processing frequency, a nominal power of 250 W and uniform sonic waves. Melting points were measured on an Electrothermal 9100 apparatus (LABEQUIP LTD, Markham, Ontario, Canada) and are uncorrected. C NMR spectra (CDCl 3 and DMSO-d 6 ) were recorded on a Bruker DRX-250 Avance spectrometer at 250.13 and 62.90 MHz, respectively. IR spectra were measured on a Jasco 6300 FTIR spectrometer. Elemental analyses were performed using a Heraeus CHN-O-Rapid analyzer.
General procedure for the synthesis of substituted 3-pyrrolin-2-ones A solution of aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol) and ethanol (4 ml) was magnetically stirred at room temperature. To the mixture, aldehyde 3a-p (1 mmol) and citric acid monohydrate (2 mmol) were added and the content was stirred at room temperature. The progress of the reaction was checked by TLC (n-hexane : EtOAc, 10 : 7). After completion of the reaction, the solid product was filtered and the pure product was obtained by recrystallization from hot ethanol.
Ultrasound-promoted synthesis of substituted 3-pyrrolin-2-ones A solution of aniline 1 (1 mmol), diethyl acetylenedicarboxylate 2 (1 mmol) in ethanol (4 ml) was magnetically stirred at room temperature. To the mixture, aldehyde 3a-p (1 mmol) and citric acid monohydrate (2 mmol) were added and the content was sonicated under ultrasound irradiation. The progress of the reaction was checked by TLC (n-hexane : EtOAc, 10 : 7). After completion of the reaction, the solid product was filtered and the pure product was obtained by recrystallization from hot ethanol.
Representative procedure for synthesis of 4d
A solution of aniline (0.091 ml, 1 mmol) and diethyl acetylenedicarboxylate (0.160 ml, 1 mmol) in ethanol (4 ml) was magnetically stirred at room temperature. To the mixture, 4-chlorobenzaldehyde (0.141 g, 1 mmol) and citric acid monohydrate (0.42 g, 2 mmol) were added and the content was sonicated under ultrasound irradiation. The same reaction was also conducted without sonication at room temperature. The progress of the reactions was checked by TLC (n-hexane : EtOAc, 10 : 7). After completion of the reactions, the solid product was filtered and the pure product was obtained by recrystallization from hot ethanol.
4a. Yield 0.291 g (90% 
(q,
J = 7.00 Hz, 2H), 5.71 (s, 1H), 7.02-7.50 (m, 9H), 9.00 (br s, 1H); 13 C NMR (62.90 MHz, CDCl 3 ) δ C 13.93, 21.11, 61.21
X-Ray crystallography
After recrystallization from hot ethanol, the pure powder of 4g was dissolved in hot ethanol. X-ray quality crystals of 4g were obtained in excellent yield after slow evaporation of the mother liquor at room temperature. The crystallographic measurement of 4g was performed on a Kuma KM4-CCD κ-geometry automated four-circle diffractometer equipped with a CCD camera Sapphire2 and graphitemonochromatized Mo Kα radiation (λ = 0.71073 Å). The data were collected at 150(2) K by using the Oxford-Cryosystems cooler. Data were corrected for the Lorentz and polarization effects. Data collection, cell refinement, data reduction and analysis were carried out with KM4-CCD software, CrysAlisCCD and CrysAlisRED, respectively. 38 4g is isomorphous with the Ph derivative reported in the literature, 23 and was deposited at the Cambridge Structural Database (CSD, Version 5.35), 39 with the CSD refcode LIFBEJ. Therefore, the refinement of its structure was started by using the coordinates of non-H atoms taken from LIFBEJ. Fluorine atoms were added from Fourier maps in the next step. The refinement was carried out by a full-matrix least-squares technique with SHELXL2014 40 and with the anisotropic thermal parameters for non-H atoms. All the H atoms were found in difference Fourier maps and were refined isotropically. In the final refinement cycles, the C-bonded H atoms were repositioned in their calculated positions and refined using a riding model, with C-H = 0.95-1.00 Å, and with U iso (H) = 1.2U eq (C) for CH and CH 2 , and 1.5U eq (C) for CH 3 . The hydroxyl H atom was refined with the O-H distance restrained to 0.840(2) Å, and with U iso (H) = 1.5U eq (O), and then it was constrained to ride on its parent atom (AFIX 3 instruction in SHELXL2014). Figures were made with the Diamond program. 41 The crystallographic infor- 
